Objective: Granulocyte colony-stimulating factor (G-CSF) mobilizes bone marrow mononuclear cells into the peripheral circulation. Stromal cell-derived factor-1 (SDF-1) enhances the homing of progenitor cells mobilized from the bone marrow and augments neovascularization in ischemic tissue. We hypothesize that SDF-1 will boost the pro-angiogenic effect of G-CSF. Methods and results: NIH 3T3 cells retrovirally transduced with SDF-1α gene (NIH 3T3/SDF-1) were used to deliver SDF-1 in vitro and in vivo. Endothelial progenitor cells (EPCs) co-cultured with NIH 3T3/SDF-1 cells using cell culture inserts migrated faster and were less apoptotic compared to those not exposed to SDF-1. NIH 3T3/SDF-1 (10 6 cells) were injected into the ischemic muscles immediately after resection of the left femoral artery and vein of C57BL/6J mice. G-CSF (25 μg/kg/day) was injected intraperitioneally daily for 3 days after surgery. Blood perfusion was examined using a laser Doppler perfusion imaging system. The perfusion ratio of ischemic/non-ischemic limb increased to 0.57 ± 0.03 and 0.50 ± 0.06 with the treatment of either SDF-1 or G-CSF only, respectively, 3 weeks after surgery, which was significantly higher than the saline-injected control group (0.41 ± 0.01, P b 0.05). Combined treatment with both SDF-1 and G-CSF resulted in an even better perfusion ratio of 0.69 ± 0.08 (P b 0.05 versus the single treatment groups). Mice were sacrificed 21 days after surgery. Immunostaining and Western blot assay of the tissue lysates showed that the injected NIH 3T3/SDF-1 survived and expressed SDF-1. CD34 + cells were detected with immunostaining, capillary density was assessed with alkaline phosphatase staining, and the apoptosis of muscle cells was viewed using an in situ cell death detection kit. More CD34 + cells, increased capillary density, and less apoptotic muscle cells were found in both G-CSF and SDF-1 treated group (P b 0.05 versus other groups). Conclusion: Combination of G-CSF-mediated progenitor cell mobilization and SDF-1-mediated homing of EPCs promotes neovascularization in the ischemic limb and increases the recovery of blood perfusion.
Introduction
Progenitor cells can be mobilized from the bone marrow (BM) into the peripheral circulation to participate in neovascularization. Endothelial progenitor cells (EPCs) [1, 2] proliferate and migrate in response to angiogenic growth factors and differentiate into mature endothelial cells (EC) in situ for blood vessel formation. Local or systemic administration of EPCs [1] [2] [3] [4, 5] or peripheral blood [6] has been shown to augment neovascularization in animal models of hindlimb and myocardial ischemia [1, [7] [8] [9] [10] . Granulocyte colony-stimulating factor (G-CSF) and granulocyte macrophage colony-stimulating factor (GM-CSF) can mobilize BM stem cells [11, 12] and EPCs [10, 13] . These two cytokines have been reported to enhance neovasculogenesis in animal models of myocardial infarction and hindlimb ischemia [13, 14] . Clinical application of this strategy, using GM-CSF-mediated EPC mobilization, however, did not demonstrate enhancement of collateral blood vessel development in patients with peripheral arterial disease. Mobilizing progenitor cells alone, therefore, appears to be insufficient to augment angiogenesis [15] .
Stromal cell-derived factor-1 (SDF-1) is a chemotactic cytokine that enhances the homing of mobilized progenitor cells by promoting cell migration and proliferation [16, 17] . SDF-1, either delivered locally in its protein form, or generated in situ via plasmid-mediated gene expression, enhances vasculogenesis by augmenting EPC recruitment into ischemic tissues [17, 18] . The action of SDF-1 as an EPC chemo-attractant [17, 19] is believed to be mediated through SDF-1 binding with CXCR4, a receptor which is highly expressed on EPCs [20] . Administration of SDF-1, either by direct protein injection [21, 22] or by transplantation of SDF-1-secreting cells [23] , in combination with GM-CSF or G-CSF injection, has been reported to enhance progenitor cell homing and angiogenesis in ischemic cardiomyopathy.
In the present study, this combination of growth factors is used for the first time to treat limb ischemia. In doing so, this study addresses the hypothesis that local delivery of SDF-1 into ischemic tissue will enhance the homing of G-CSF mobilized progenitor cells, resulting in augmented angiogenesis. The retrovirally engineered SDF-1-hypersecreting cells were injected into ischemic tissue in combination with systemic administration of G-CSF. Enhanced angiogenesis was observed in the murine hindlimb ischemia model.
Materials and methods

SDF-1 expression and detection
Mouse SDF-1α gene was obtained from RNA isolates of mouse brain by RT-PCR with two primers: forward: 5′-ATAGAATTCATGGACGCCAAGGTCGTCGCCGTG-3′, reverse: 5′-CGCCGGCGTCTTGTTTAAAGCTTTCTC-CAGGTA-3′. The SDF-1α gene was cloned into the EcoR I (5′) and Not I (3′) sites of the murine leukemia virus (MuLV)-based expression vector plasmid LPCX (Clontech, Mountain View, CA), resulting in SDF-1 expressing vector pCPC-SDF-1. The preparation of SDF-1 retroviral supernatant and cell transduction were performed as described previously [24] . The viral titer, analyzed by puromycin-resistant colony formation, was 5 × 10 7 colony forming unit per ml. NIH 3T3 cells and rabbit EPCs were transduced with the SDF-1 vector following selection with puromycin (Sigma, St Louis, MO) (3.5 μg/ml and 1.0 μg/ml, respectively) for 3 days. The SDF-1 concentration in the supernatant of cultured cells was measured with enzyme-linked immunosorbent assay (ELISA). Plates (96 well flat-bottom immuno plate; NUNC, Rochester, NY) were coated with mouse monoclonal antibody (mAb) against SDF-1 (2 μg/ml, R&D Systems, Minneapolis, MN) in phosphate-buffered saline (PBS) overnight at 4°C. After blocking with 5% non-fat milk powder, SDF-1 protein standard (R&D Systems) or the sample supernatants were added to the wells and incubated at 37°C for 1 h. After washing with PBS supplemented with 0.1% Tween 20, the goat anti-human SDF-1 Ab (0.5 μg/ml, R&D Systems) was added, followed by incubation with horseradish proteinase (HRP)-labeled mouse anti-goat IgG (1:5000, Sigma). The reaction was developed by successive incubations with o-phenylenediamine solution (Sigma), and then the plate was read at 450 nm to determine the optical density.
EPC isolation and culture
Mononuclear cells were isolated from rabbit peripheral blood through a density-gradient centrifugation as described [25] with Histopaque-1077 (Sigma) and plated on culture dishes coated with fibronectin (0.1%) (Sigma). The cells were cultured in endothelial cell basal medium-2 (EBM-2, Clonetics, San Diego, CA) supplemented with 20% Fetal Bovine Serum (FBS, HyClone, Logan, Utah) and SingleQuats® (Clonetics). After 4 days of culture, non-adherent cells were removed and a new medium was applied. The outgrown EPCs were maintained in EBM-2 supplemented with 20% FBS, and used for in vitro study. These cells were characterized to be EPCs: 1) positive DiI-labeled acetylated low density lipoprotein (DiI acLDL, Biomedical Technologies Inc., Stoughton, MA) up-taking, 2) positive Lectin binding (Fluorescein-Ulex Europeaus Lectin 1) (Biomeda Corp., Forster City, CA) and 3) positive for CD133 immunofluorescent staining.
Migration assay
A modified Boyden chamber assay was performed using HTS FluoroBlok™ Inserts (8.0 μm pore size, BD, Franklin Lakes, NJ) and 24-well plates. In brief, EPCs were seeded in the upper chambers (Inserts); NIH 3T3 or NIH 3T3 transduced with SDF-1 vector (NIH 3T3/SDF-1) were seeded in the lower chambers (24-well plates) in serumfree EBM-2 containing 0.1% Bovine Serum Albumin (BSA, Sigma) with or without 300 μM N G -monomethyl-L-arginine (L-NMMA) (Tocris Cookson, Ellisville, MO). After 8 h of incubation, the inserts were fixed with 4% paraformaldehyde and stained with DAPI (10 μg/ml, Sigma). The migration was quantified by counting cells adhering to the bottom of the membrane.
Cell apoptosis in vitro
EPCs were seeded in 24-well plates at a concentration of 1 × 10 5 cells per well. After 24 h of incubation, the culture medium was removed and replaced by EBM-2 without any supplement. After 48 h of serum deprivation, the medium was changed to EBM-2 medium supplemented 0.1% BSA that had been pre-conditioned for 12 h with NIH 3T3 or NIH 3T3/SDF-1 with or without supplement of L-NMMA (300 μM), along with an addition of an insert where either NIH 3T3 or NIH 3T3/SDF-1 cells were seeded. The EPCs were fixed 8 hours later with 4% paraformaldehyde and stained with DAPI (10 μg/ml). The proportion of apoptotic EPCs was determined by manually counting pyknotic nuclei versus total nuclei.
Animal model of ischemic hindlimb
All animals were treated in accordance with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health), and the procedures were approved by the University of Miami Animal Care and Use Committee. Male mice (C57BL/6J, The Jackson Laboratory), age 8 to 10 weeks and weight 18 to 22 g, were anesthetized with Ketamine (100 mg/kg) and Xylazine (10 mg/kg) intramuscularly (I.M.) for the operation as described [26] . The entire right superficial femoral artery and vein (from just below of deep femoral arteries to popliteal artery and vein) as well as the deep femoral and circumflex arteries and veins were ligated, cut and excised. Immediately after surgery, the mice were divided into 5 groups randomly (6 mice per group). Group 1 was injected (I.M.) with 0.1 ml of saline (0.9% NaCl). Group 2 was injected intraperitoneally (I.P.) with G-CSF. Group 3 was injected I.M. with NIH 3T3 engineered to express LacZ (NIH 3T3/LacZ) plus injection I.P. of G-CSF. Group 4 was injected I.M. with NIH 3T3/SDF-1. Group 5 mice were injected I.M. with NIH 3T3/SDF-1 plus injection I.P. of G-CSF. The engineered NIH 3T3 cells (10 6 cells in 0.1 ml) were injected I.M. into the ischemic muscle at two locations. NIH 3T3/LacZ was NIH 3T3 cells transduced with the same retroviral vector as was used for SDF-1, but the SDF-1 gene was replaced with lacZ gene encoding for beta galactosidase. G-CSF (25 μg/kg), the recombinant methionyl human G-CSF (Neupogen), was kindly provided by Amgen (Thousand Oaks, CA), and administered to the mice I.P. for 3 days after the surgery. Mice were sacrificed at day 4 and day 21 after ischemia induction.
Identification of injected NIH 3T3/SDF-1 cells
10
6 NIH 3T3/SDF-1 cells were re-suspended in 1 ml of serum-free medium and incubated with CM-DiI (5 μl CMDiI per l ml medium, Invitrogen) at 37°C at dark for 20 min. After washing to remove the free Dil fluorescence, the stained cells were injected I.M. into the limbs of 3 mice (C57BL/6J), which were sacrificed 7 days later. The muscle was cryo-preserved. The NIH 3T3/SDF-1 cells were viewed under the fluorescence microscope on the cryosection.
Laser Doppler perfusion images (LDPI)
The mice were anesthetized with Ketamine and Xylazine and then affixed supine on a cork plate. The hindlimbs were shaved. Limb blood flow was measured using a Laser LDPI analyzer (Periscan PIM II Laser Doppler Perfusion Imager, Perimed AB, Sweden). Quantitative analysis of blood flow on the limb of the LDPI images was performed using LDPIwin 2.5 program. To minimize the variability in perfusion, the LDPI perfusion data were expressed as the ratio of the ischemic (right) to normal (left) limb blood flow.
SDF-1 Western blot analysis
The tissue obtained from the ischemic mouse hindlimb adductors at day 21 was homogenized as described [27] using a Dounce homogenizer (50 strokes, 4°C) in ice-cold lysis buffer (1 ml/100 mg): 15 mM Tris HCl, pH 8.0, 0.25 M sucrose, 15 mM NaCl, 1.5 mM MgCl 2 , 2.5 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol (DTT), 2 mM NaPPi, 1 μg/ml Pepstatin A, 2.5 μg/ml Aprotinin, 5 μg/ml Leupeptin, 0.5 mM phenymethyl sulfonyl fluoride (PMSF), 0.125 mM Na 3 VO 4 , 25 mM NaF and 10 μM Lactacystin. Protein concentration of the homogenates was determined by the micro-bicinchonic acid method of Pierce (Rockford, IL, USA). Western blot analysis was carried out with 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). After transferred to an Immobilon-P membrane (Millipore Corp., Billerica, MA), the proteins were probed with polyclonal antibodies against SDF-1 (1:1000, Santa Cruz Biotechnology) or against Glyceraldehyde-3-phosphate dehydrogenase (GADPH) (1:500, Santa Cruz Biotechnology) following incubation with horseradish peroxidase conjugated anti-rabbit antibody (1:5000, Santa Cruz Biotechnology) for 1 h at room temperature. The blots were developed with an enhanced chemiluminescence detection method (Amersham Bioscience, Piscataway, NJ, USA).
Histochemistry
Muscle specimens were obtained from the adductors at day 4 and day 21 and cryo-preserved or fixed in 4% paraformaldehyde and were paraffin embedded. Paraffin sections (7 μm thick) were blocked with serum-free Protein Block (Dako, Carpinteria, CA) and Avidin/Biotin blocking solution (Vector Laboratories, Burlingame, CA), and then incubated with rabbit polyclonal anti-mouse CD34 antibody (1:100, Santa Cruz Biotechnology) at 4°C overnight. Cryosections of muscle were fixed in acetone at −20°C for 10 min. After blocking, the sections were incubated with rabbit polyclone anti-SDF-1 antibody (1:100, Santa Cruz Biotechnology). Bound primary antibodies on both paraffin and cryosection were detected with a biotinylated secondary anti-rabbit IgG (1:200, Vector Laboratories). After the addition of an avidine-horseradish peroxidase (HRP) conjugate (ABC Elite kit, Vector Laboratories), the enzyme complex was visualized with diaminobenzidine substrate (Dako).
Capillary density
Capillary endothelium alkaline phosphatase (AP) was stained to quantify the presence of capillaries as described [28] . The adductor muscle was dissected from mice at day 21 after surgery and frozen in liquid nitrogen-cooled isopentane. Frozen sections were fixed in acetone for 10 min at − 20°C following staining for AP with an AP Chromogen Kit (BCIP/ NBT, Biomeda Corp., Foster City, CA). After post-fixation with sucrose-buffered formalin (4%, pH 7.3), muscle fiber and AP-positive spots were counted in randomly selected fields (5 fields per section). The capillary density was expressed as a ratio of capillaries number/muscle fiber.
Apoptosis in vivo
Terminal deoxynucleotidyl Transferase Biotin-dUTP Nick End Labeling (TUNEL)-positive apoptotic nuclei were detected in paraffin sections using an in situ cell death detection kit (POD; Roche Diagnostic, Indianapolis, IN). The number of apoptotic cells and muscle fiber was counted in randomly selected fields to calculate the ratio of apoptotic cell per muscle fiber [29] .
Statistics
Results are expressed as mean ± standard deviation (S.D.). Statistical significant differences between groups were compared with one-way analysis of variance (ANOVA) for multi-groups using GraphPad (San Diego, Calif, CA) or 2-tailed Student t-test for 2 groups only. Significance was attributed to a P value of less than 0.05.
Results
SDF-1 expression in vitro
Mouse SDF-1α gene was cloned into a MuLV-based retroviral vector. NIH 3T3 transduced with the SDF-1 retroviral vector (NIH 3T3/SDF-1) and rabbit EPC transduced with the same vector (EPC/SDF-1) produced 133± 7 and 47 ± 5 ng of SDF-1 per 10 6 cells in 24 h, respectively, in comparison with 1 and 3 ng of SDF-1 per 10 6 cells from the respective control untransduced cells. The production of SDF-1 from the untransduced stromal cells derived from mouse bone marrow was 26± 7 ng/10 6 cells/24 h. Since NIH 3T3/SDF-1 had the highest SDF-1 production, they were used to deliver SDF-1 in the following in vitro and in vivo experiments.
SDF-1 promotes EPC migration
To confirm that the SDF-1 secreted from NIH 3T3/SDF-1 is functional, the EPCs migration and apoptosis were analyzed when they were co-cultured with NIH 3T3/SDF-1. A modified Boyden chamber assay was used to determine the effect of secreted SDF-1 on EPC migration. EPCs migrated more when they were co-cultured with NIH 3T3/SDF-1 than with unmodified NIH 3T3 cells (30 ± 9 versus 13 ± 3 migrated cells, respectively; P b 0.05, n = 3). To determine if the promigration effect of SDF-1 is mediated by Nitric Oxide (NO) as reported [18] , a nonselective Nitric Oxide Synthase (NOS) inhibitor, L-NMMA, was added to the assay. The migrated cells were significantly reduced to 16 ± 6 when EPCs were cocultured with NIH 3T3/SDF-1 in the presence of L-NMMA (P b 0.05) (Fig. 1A) . B). SDF-1 attenuates EPC apoptosis. EPCs that have been starved in serumfree medium for 48 h were co-cultured with 1) NIH 3T3, 2) NIH 3T3/SDF-1, and 3) NIH 3T3/SDF-1 supplemented with L-NMMA for 8 h. Apoptotic cells with pyknotic nuclei were counted after DAPI staining, and expressed as a percentage of pyknotic nuclei/total nuclei. ⁎ P b 0.05 versus group NIH 3T3, ⁎⁎ P N 0.05 versus group NIH 3T3/SDF-1.
SDF-1 attenuates EPC apoptosis
Deprivation of nutrients was used to induce EPC apoptosis. Apoptosis was found in 29± 8% of nutrient deprived EPCs co-cultured with NIH 3T3 cells. EPCs co-cultured with NIH 3T3/SDF-1 demonstrated a significant reduction in apoptosis (16 ± 4%, P b 0.05). L-NMMA did not significantly affect apoptosis in EPCs co-cultured with NIH 3T3/SDF-1 cells (19 ± 5%, P N 0.05) (Fig. 1B) . This result indicates that NO is not involved in the inhibition of EPC apoptosis.
SDF-1 promotes reperfusion in the ischemic limbs
In order to promote angiogenesis in the ischemic muscle, SDF-1 was delivered locally using NIH 3T3/SDF-1 cells. NIH 3T3/SDF-1 cells were injected intramuscularly into the ischemic limb after femoral artery and vein resection.
Simultaneously, G-CSF was also administered intraperitoneally to mobilize progenitor cells. The reperfusion of the ischemic hindlimb was quantified using laser Doppler perfusion assessment (Fig. 2A) . The perfusion ratios in animals treated either with G-CSF or NIH 3T3/SDF-1 were 0.57 ± 0.03 and 0.50 ± 0.06, respectively, which were significantly better than the saline-treated mice (0.41 ± 0.01, P b 0.05, n = 6) (Fig. 2B) . The combination of G-CSF and NIH 3T3/SDF-1 resulted in further enhancement of revascularization (perfusion ratio: 0.69 ± 0.08; P b 0.05, n = 6) (Fig. 2B) .
To exclude the possibility that the presence of modified NIH 3T3 cells themselves influences the reperfusion, NIH 3T3/LacZ was used as a control for cell injection. No significant difference in perfusion was found among the groups treated with G-CSF, NIH 3T3/SDF-1, or G-CSF plus NIH 3T3/lacZ (P N 0.05). Fig. 2 . Effect of SDF-1 and G-CSF on reperfusion in ischemic hindlimb of mice. The blood flow of the lower limbs was measured using an LDPI analyzer, followed by calculation of the perfusion ratio of the ischemic limbs (right) to normal limbs (left). A, Representative laser Doppler perfusion color images at indicated time points. B, Quantitative measurement of perfusion ratio of ischemic limbs to that of normal limbs (n = 6). ⁎ P b 0.05 versus saline group, ⁎⁎ P b 0.05 versus G-CSF-treated and SDF-1-treated groups.
Cellular identification of NIH 3T3/SDF-1 cells in vivo
To track the injected cells, NIH 3T3/SDF-1 cells were labeled with fluorescent CM-DiI prior to injection into mice limbs. The injected cells were detected 7 days later by fluorescence microscopy (Fig. 3A) . Immunostaining of SDF-1 showed that these cells are SDF-1-positive (Fig. 3B) . These data indicate that injected NIH 3T3/SDF-1 cells survive in vivo and continue to express SDF-1.
SDF-1 expression in ischemic muscle
Western blot analysis was used to quantify SDF-1 expression in the ischemic muscle (Fig. 4) . SDF-1 was not detected in the limbs of saline-treated mice (Fig. 4, lane 1) . SDF-1 expression increased in the ischemic muscle of G-CSF-treated mice (Fig. 4, lanes 2-3) . SDF-1 production in limbs was significantly increased after injection of NIH 3T3/ SDF-1 cells (Fig. 4, lanes 4-5) , further confirming that injected NIH 3T3/SDF-1 cells are able to express SDF-1 in ischemic muscle.
To exclude the possibility that G-CSF itself induces enhanced SDF-1 production in NIH 3T3 and NIH 3T3/ SDF-1 cells, an in vitro experiment was performed in which cells were cultured in the presence of G-CSF (2 ng/ml). No SDF-1 production was seen in NIH 3T3 cells and no enhanced production was evident in NIH 3T3/SDF-1 cells. Furthermore, neither cell line produced VEGF in the presence or absence of G-CSF, eliminating the possibility that angiogenesis was due to NIH 3T3 cell production of VEGF.
CD34 + cells in the muscle
Progenitor cells were detected in the ischemic muscle by assessing the presence of CD34 + cells (Fig. 5A ). The number of CD34 + cells in muscle increased more than 2-fold after injection of G-CSF, from 0.53 ± 0.14 in saline-treated mice to 1.26 ± 0.29 (P b 0.05). The number of CD34 + cells in mice injected with NIH 3T3/SDF-1 which was 0.99 ± 0.36, also significantly increased versus saline-treated mice (P b 0.05). There was no significant difference in the number of CD34 + cells among groups treated with G-CSF only, G-CSF plus NIH 3T3/lacZ, and NIH 3T3/SDF-1 (P N 0.05). When both G-CSF and NIH 3T3/SDF-1 were administered together, however, significantly more CD34 + cells (1.50 ± 0.10) were present in muscle (P b 0.05) (Fig. 5B) . 4 . Western blot analysis of SDF-1 expression in the ischemic muscle of mice. The tissues obtained from mice 21 days after surgery were subjected to the Western blot analysis using a polyclone antibody against SDF-1 to display the SDF-1 expression in the muscles. GADPH as a control protein shows that the similar amount of proteins was loaded in each lane.
Capillary density in ischemic tissues
Capillary density in the harvested tissue was assessed by staining for alkaline phosphatase (Fig. 6A) . The number of capillaries per muscle fiber was increased in mice treated with G-CSF (0.63 ± 0.01) and NIH 3T3/SDF-1 (0.81 ± 0.14) compared with saline-treated mice (0.43 ± 0.08, P b 0.05). The combined administration of G-CSF and NIH 3T3/SDF-1 resulted in the highest capillary density (1.06 ± 0.09, P b 0.05) (Fig. 6B) .
Cell apoptosis in the ischemic tissues
Ischemia of the limb leads to apoptosis of the muscle cells. To assess apoptosis in the ischemic limb, an in situ cell death detection kit was used (Fig. 7A) . The number of TUNEL-positive apoptotic nuclei per muscle fiber in G-CSF or NIH 3T3/SDF-1-treated mice was 1.99 ± 0.35 and 1.50 ± 0.11, respectively, which were significantly lower than in saline-treated mice (2.71 ± 0.13, P b 0.05, n = 6). Mice treated with the combination of G-CSF plus NIH 3T3/SDF-1 had the fewest number of apoptotic cells in the ischemic muscle (0.76 ± 0.10, P b 0.05) (Fig. 7B) .
Discussion
The combined treatment of G-CSF and SDF-1 resulted in better blood reperfusion, more progenitor cell incorporation, higher capillary density, and less apoptotic cells than the single treatment with either SDF-1 or G-CSF alone. These results suggest that the strategy of using the combination of G-CSF plus SDF-1 therapeutically should have improved clinical results versus using GM-CSF alone, since GM-CSF monotherapy was shown not to enhance angiogenesis [15] .
Enhanced SDF-1 expression at the ischemic site was achieved by injection of NIH 3T3 cells that were retrovirally engineered to hypersecrete functional SDF-1. These engineered cells were shown to secrete a high amount of SDF-1 into the ischemic muscles (Fig. 4) . The advantage of the cell-based approach for SDF-1 delivery over simple protein injection is more sustained expression. Western blot analysis showed that muscle treated with NIH 3T3/SDF-1 cells expressed significantly increased SDF-1 versus control at 21 days post-injection (Figs. 3 and 5) , a result unlikely to be achieved with protein injection alone. NIH 3T3 cells were chosen as the carrier because transduced cells (NIH 3T3/SDF-1) produced more SDF-1 than did other modified cell types. In addition, NIH 3T3 cells do not provoke a host immune response in C57BL/6J mice Fig. 7 . The apoptosis in the ischemic muscle was attenuated by G-CSF and SDF-1. TUNEL assay was performed on the paraffin sections of muscles obtained from mice at day 21 after surgery to detect apoptotic nuclei. A, Representative pictures of TUNEL-positive apoptotic nuclei (brown) with Hematoxylin counter staining for non-apoptotic nuclei (blue). B, Quantification of TUNEL-positive apoptotic cells. The number of apoptotic cells around each muscle fiber was counted to assess the apoptosis of the muscle cells. ⁎ P b 0.05 versus saline group, ⁎⁎ P b 0.05 versus other groups (n = 3). Bar = 100 μm.
since they originate from NIH Swiss mouse embryonic fibroblast cell. The number of white blood cells in the circulation of the recipient mice did not change after injection of NIH 3T3 and NIH 3T3/SDF-1 (data not shown).
The in vitro data showed that EPCs migrated faster (Fig. 1A) , and were less apoptotic (Fig. 1B) when co-cultured with SDF-1-hypersecreting cells, a finding consistent with reports using purified SDF-1 protein [17, 30, 31] . The facilitative effect of SDF-1 on EPC migration appears to be linked with NOS activity since the SDF-1-mediated enhancement was blocked by the NOS inhibitor L-NMMA. This finding is consistent with other reports [18, 30] . In contrast, L-NMMA did not reverse the inhibitory effect of SDF-1 on apoptosis (Fig. 1B) , indicating that the inhibitory effect is not mediated through NO. These data suggest that the SDF-1 signaling pathway for apoptosis is different from the signal for cell migration, although both effects could be mediated through an initial common pathway: the phosphorylation of Akt [18] . In this regard, we have found that SDF-1 enhances the phosphorylation of Akt protein kinase in EPCs in vitro (manuscript in preparation).
To demonstrate the beneficial effect of SDF-1 in promoting neovascularization in vivo, an ischemic hindlimb mouse model was used in combination with G-CSF administration to mobilize progenitor cells from bone marrow. Treatment with G-CSF alone resulted in enhanced neovascularization compared to saline treatment, i.e. faster recovery of blood flow (Fig. 3) , more progenitor cell incorporation (Fig. 5 ), higher capillary density (Fig. 6) , and less apoptosis (Fig. 7) in the ischemic muscle. These results agree with another report demonstrating that G-CSF augments the differentiation of BM cells into vascular ECs, resulting in accelerated recovery of blood flow in ischemic limbs [14] .
Similar to the effect of G-CSF on hindlimb perfusion, treatment with SDF-1 alone also enhanced neovascularization. The mechanism of action of the two agents, however, may be different. As shown by Yamaguchi et al., the effect of SDF-1 on neovascularization appears to result primarily from its ability to enhance the recruitment and incorporation of transplanted EPCs [17] . In addition, evidence suggests that SDF-1 may directly influence vasculogenesis. Mice lacking SDF-1 demonstrate defective formation of large vessels supplying the gastrointestinal tract [32] . SDF-1 elevation in peripheral blood can mobilize hematopoietic stem cells to the peripheral circulation [33] . However, since no elevation of serum SDF-1 was detected after injection of NIH 3T3/SDF-1 cells (data not shown), mobilization of progenitor cells by SDF-1 under our experimental conditions may not play a major role in neovascularization.
When both G-CSF and SDF-1 were administered, an additive promotion of hindlimb neovascularization was observed. This demonstrates that the effect of either G-CSF or SDF-1 as a single agent on progenitor cells results in a suboptimal response.
The effect of G-CSF on limb reperfusion has been attributed in part to up-regulation of SDF-1 expression and mobilization of CXCR4 + progenitor cells [23, 34] . G-CSF treatment is reported to increase VEGF production in bone marrow [14] . Increased VEGF has in turn been reported to further induce SDF-1 expression [16] . Consistent with these findings, our data also showed that SDF-1 expression increased in the ischemic muscle after G-CSF treatment (Fig. 4, lanes 3-6) . Other protective and properfusion effects of G-CSF include upregulation of MMP expression [23] and enhancement of cardiomyocyte survive after myocardial infarction via activation of the Jak/Stat pathway [35] . The angiogenic effect of SDF-1 involves increased production of NO [30] as NO is essential for EC migration and angiogenesis [36, 37] . SDF-1α gene transfer enhances eNOS activity [18] . Our in vitro data confirm the involvement of NOS in SDF-1-mediated cell migration (Fig. 1A) . SDF-1 attracts circulating CXCR4 + cells including EPCs into the ischemic site [23] . We found significantly more CD34 + cells in ischemic muscle when mouse was treated with both G-CSF and SDF-1 (Fig. 5) . The more EPCs home to the site of ischemia, the more neovascularization is achieved, as shown by increased capillary density (Fig. 6 ) and improved perfusion of the ischemic limbs (Fig. 4) . Survival of vascular endothelial cells is essential for stable neovascularization. The antiapoptotic effect of both G-CSF and SDF-1 (Figs. 1B and 7 , and Refs. [17, 31, 35] ) also enhances neovascularization.
In summary, the combination of progenitor cell mobilization with G-CSF and enhanced cellular homing by SDF-1 led to faster recovery of blood perfusion in the ischemic limb versus treatment with either G-CSF or SDF-1 alone. G-CSF and SDF-1 displayed synergism in promoting neovascularization. This study outlines a new approach for treating limb ischemia. Mobilization of progenitor cells into circulation coupled with targeted recruitment into the ischemic bed is a novel treatment strategy for limb ischemia, and warrants further study.
